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ANALYSIS OF SWEF7Y3ACKWINGS ON CAL-TECH ANALOG COMPUTER

By Richard H. MacNeal and Stanley U. Benscoter

Using the Cal-Tech analog computer, structural analyses have been
made of two 45° swept wings of aspect ratio 3. One of these has a con-
stant depth and the other has a constant biconvex cross section in planes
parallel to the air stresm. The wings extend through the fuselage and
are rigidly suppxted along two lines at the faces of the fuselage.

Deflections and all internal forces have been calculated for con-
centrated static loads. Vibration modes sre also presented. The effects
of neglecting shesrtig strains in the ribs and spars and also of assuming
the ribs to be rigid have been investigated by modifying the electric
circuits to correspond to these simplifications.

INTRODUCTION

Two 45° swept wings with aspect ratio 3 have been analyzed on the
Cal-Tech analog computer for concentrated static loads which are symmet-
rical with respect to the airplane center line and are applied at points
at the intersection of ribs and sparsl Symmetrical vibration modes have
also been calculated. One of these figs has a constant depth, while the
other has a constant biconvex cross section in planes parallel to the air
stream. The four wing spsrs have a 45° sweep in the swept portion of the
wing and are unswept in the fuselage carry-through bay. The wing has
simple rigid line supports at the faces of the fuselage.

The structural theory and analogous circuits for rectangular ,bays
of multicell wings are given in references 1 and 2. Additional structural
theory applicable to the swept leading- and trailing-edge spars is given
in reference 3. Structural theory for the swept interior spars is devel-
oped in this paper.

The main purpose of this paper is to present the results of measure-
ments made on the Cal-Tech comptier. The diagrams present only a smalJ
portion of the data which were obtained from the computer, and which are
given in complete form in the tables.

. . ..— ——————.—.... ..— .__. - . .. . . — — - ——-——— -———-—



NACA TN 311.5

The effects of certain simplifications in the strucutral theory
have been obtained by modifying the electrical circuits to correspond
to these simplifications. The error due to neglecting the effect of
shearing strains in the ribs and spsrs was investigated. The effect of
assuming the ribs to be rigid was also determined.

This investigationwas conducted at the California Institute of
Technology under the sponsorship and with the financial assistance of
the National Advisory Committee for Aeronautics.
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sides of skin panel

web area of spar s inbaym

displacements shown in figure 12

Young’s modulus

horizontal shear in mth bay of spar s

shearing modulus of elasticity

depth of wing

moment of inertia of spar

bending moment in ith rib at jth spar

bending moment in jth spar at ith rib

bending moment in spar s at ith rib

bending moment in spar s at center of mth bay

moment load, hFsm

number of turns in primary winding of kth transformer

number of turns in secondary winding of kth transformer

concentrated load at intersection of ith rib and jth flsnge -

shesrtig force on skin panel
“
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resistance

number of spar

average chordwise twisting moment in cell mn

average spanwise twisting moment in cell mn

chcdwise twisting moment at forwsrd edge of cell ma

chordwise twisthg moment at rearward edge of cell mn

spanwise twisting moment at outboard edge of cell m

spanwise twisting moment at inboard edge of cell mn

thickness of skin

kth transformer

shear in nth bay of ith rib

shear in mth bay of spar s

deflection with shear strain in ribs and spars

deflection at intersection of ith rib and Jth flange

deflection at intersection of ith rib and spar s

rotation of normal

rotation of normal

rotation of normal

shearing strain at

shesring strain at

shearing strain in

in nth bay of ith rib

in mth by of jth SP~

in mth bay of Spar S

forward edge of panel mn

rearward edge of panel mn

mth bay of spar s

jump in function across ith rib

slope of elastic curve in mth bay of spar s

bay length or panel width
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.

shearing stress

shearing stress in covers parallel and perpendicular to
the ribs

DESCRIPTION OF STRUCTURE

The two wings which have been analyzed have structural plan forms
of aspect ratio 3. The first wing, which is shown in figure 1, has a
rectangular cross section. The second wing, which is shown in figure 2,
has a biconvex cross section of symmetrical parabo13c shape. Each wing
has a square fuselage bay with perpendicular ribs and spars. The out-
board portion of each wing has a constant chord and a sweepback angle
of 450. The ribs are alined in a streamwise direction. The maximum

thickness of the biconvex section is 7* percent of the theoretical aero-

dynamic chord measured in the streamwise direction.

No attempt hss been made to determine the dimensions from design
calculations. The dimensions are approximately the same as those which
were used in reference 1 for the wing of aspect ratio 2. Stice there is

f

a smaller number of spars in the present case, the thickness of the webs
of the spars has been increased somewhat. The number of spars which
could be considered in the analysis was limited to four because of the

r

available electrical equipment. Each spar in the wings which have been
analyzed is equivalent to approximately three spars in the wing as it
would be constmcted.

The nuniberingsystem for the location of points on the plan form at
which all quantities except twisting nmments sre measured is shown in
figure 3. The points for twisting moments are indicated in figure 4.
The numbers shown in figures 3 and 4 are used in recording the computed
data in tabular form. The wings sre assumed to be constricted of an
aluminum alloy having the following physical properties:

E = 10.4 X 106 pSi

G = 4.0 X 106 pSi

Specific weight = 0.107 lb/cu in.
.

— .— — —



NACA TN 3115 5

Stiffness constants for the fuselage bay were computed in the manner
described in reference 1 for straight wings. The st~ctial theog and
design of analogous circuits for the outbod region of the wing ae given
in the next section.

STRUCTURAL THEORY

The structural theory and corresponding analogous circuits for a
straight multicell wipg were derived in reference 2. These circuits may
be used directly without change in the fuselage bay of the swept wings
herein being treated. In reference 3 the structural theory and .analo@us
circuit were derived for the leading edge of a delta wing. This circuit
may be used in the present case for the leading- snd trailing-edge regions
outboard of the support. New structural theory and analogous circuits
must be derived for the interior region of the wing outbosrd of the
support.

The top and bottom skin material has been ideakized by assuming that
normal stresses are concentrated in stiffening elements which run psrallel
and perpendicular to the pane of symmetry of the aircraft. A layout of
the idealized top skin is shown in figure 5. In the fuselage bay the
stiffening elements serve as flanges for the ribs and spars. In the out-
board portion of the wing the streamwise stiffening elements serve as
flanges for the ribs. The spanwise stiffening elements will be referred
to as flanges even though they are not connected to vertical shear webs.
The orthogonal arrangement of flanges in the outboard region has been
chosen in order to avoid the complications which arise in attempttig to
formulate internal force-displacement relations in skewed coordinates.

The cross-hatched panels represent idealized skin panels which are
in a state of pure shear. In the region of the leading and trailing
edges there are triangular panels which have been completely remwed in
forming the idealized structure. This skin material contributes to the
flanges of the leading- and trailing-edge spars as explained in refer-
ence 3. The sweptback interior spars are shoti by dotted lines to indi-
c&te that the spars in the idealized structure Me completely beneath
the top skin. Theke interior spars are attached to the idealized skin
psnels at the center points only. The webs of these interior spars are
connected to the webs of the ribs in such a manner as to obtain the same
vertical deflection of the two members at the intersection point. The
bending stiffness, as well as the shearing stiffness, of the interior
spar is provided by the vertical web itself. The top skin of the wing
is not considered to make any contribution to the bending stiffness of
the interior spars.

-. .—— .— ...-...————————- .....——— —
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A seggnentof interior spsr s exknding acress the mth bay is
shown in figure 6(a). This beam segment is acted upon by a concentrated
moment load ~m at its center. This moment load is equal to the

product of the force Fsm by the depth of the wing:

-m ‘ ‘sm (1)

The force Fsm is transmitted to an idealized panel of the top skin.
The moment load causes a jump in the bending-nmnent diagram for the spar
as shown in figure 6(ti ). The equation of moment equilibrium for the
segment of spar is as follows:

%(i+l) ‘%i-%m-VsmA@=O (2)

b designing the complete analogous circuit for the wing it is found
that several transformers can be eliminated along the leading”and trailihg
edges if the voltages in the moment circuits for the spars are assumed to
be analogous to the product &m@. This quantity is shown as the voltage

at the upper nodal point in the circuit which is shown h figure 6(c).
The layout of the circuit shown in figure 6(c) is the same as the beam
circuit which is derived in detail in reference 4. It is necessary to
consider the current which ordinarily represents bending moment to be I

analogous, in this case, to the quantity M.si/@. This satisfies the

requirement that the product of current by voltage drop acress an element,
which is a true electrical energy quantity, is also a true structural

.

energy quantity. It may now be seen that equation (2) will become a
statement of Kirchhoff‘s nodal law for the upper nodal point in fig-
ure 6(c) if it is divided through by @ to ob%ati

(3)

If 13sm is the slope of the elastic curve of the spar, it may be

related to the deflections h finite difference form by the equation

or

‘sin@= ( l-/A) ES( i+l) 1- Wsi

( 4a)

(kb)

—— ..—
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h inspection of figure 6(c) shows that equation (hb) is a statement of
the voltage relations for the transformer if the turns ratio is chosen
as l/A.

The slope of the elastic curve is also related to the rotation of
the normal and the shearing strain in the shear web as follows:

The shearing strain

Multiplying through

esm = fis~+

may be expressed in

equation (5) “by @

— — /

7sm (5)

terms of the section shear.

and rearranging the terms give

(6)

It is evident that equation (6) expresses Ohm’s law for the shear resistor

if its resistance is assumed to be fil~~m.

The moment resistor is determined by writing the relation between
moment and curvature in finite difference form as follows:

This equation
the magnitude

Rearranging terms giveq

(7)

(8)

expresses Ohm’s law for the moment resistor and determines
of the resistance.

An idealized skin panel is shown in figure 7. The diagonal
force Fsm is transmitted from the interior spar to the cente.r..point- --

—.+— .— —__—
of the skin panel. It is assumed t& on–~ shearing forces act on the
four sides of the panel. However, the forces Q& QB, Qc, ~d QD -
not equal in magnitude since they must have a resultant which is equal
and opposite to F8m. b order that the state of stress at the corners

may be rational it would be necessary for the shearing stresses along
the edges to vary in some msnner such as is shown in the figure. However,
the only value of st.ressthat will be determined by the structural theory
to be used is the average value on each side.

-. —.
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is squsre, taking moments around the lower right-

QA=QB (9)

the upper left-hand corner gives

QC=QD (lo)

Summing forces in the chordwise direction gives

~-QA-y=o r
Summing forces in the spanwise direction gives

( 11)

(12)

If equations (9) to (12) are multiplied through by the depth of the
wing the @ernal shearing forces on the panel will be converted into
twisting moments. The following definitions

-Tw( -) = hQA

&(+) . h%

-Tm(+ ) . h%

Tin(-) . h%

will be introduced:

(13a)

(13b)

(Uc)

(13d)

In order to conform to the customary sign conventions of elastic plate
theory it is necessary to associate negative spanwise twisting moment
with positive shearing stress in the top skin. In formulating the struc-
tural theory in terms of first-order difference equations it would be
more convenient to associate positive values of both ‘spanWiseand chord-
wise twisting moments with psitive shearing stresses in the top skin.

After multiplying through equations (9) to (12) by h, equations (1)
and (13) may be substituted to obtain the following:

—— .—— - — —.———— —.— .- .-.-—
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.TJ-) = ~m(+)

qm(+) = Tin(-)

( 14a)

( 14b)

( 15a)

Tin(+) - Tin(-) + am . ()

G
(15b)

Equations (15) may be regsxded as expressions of Kirchhoff’s nodal law.
Analogous nodal points are shown in figures 8(a) and 8(b). These nodal
points both correspond to the physical center point of the idealized

panel shown in figure 7. The wires which carry the current ~~~

must be connected to the upper nodal point of the spar circuit shown in
figure 6(c). A transformer t2 is required for,this purpose. This

transformer, which is shown in figures 8(c) and 8(d), has a one-to-one
turns ratio. The connected circuits are shown h figures 8(e) and 8(f).
These circuits sre consistent with the spar circuit of figure 6(c).

The complete circuits carrying currents that are analogous to
twisting moments may now be designed. In order to begin the design the
circuit elements for a standard panel of a straight wing may be taken
from reference 2 and redrawn in a modified form as shown in figures 9(a)
and 9(b). b figure 9(a) the current representing spaimise twisting
moment passes through the second- winding of transformer tl. This

winding is indicated as being divided into two equal parts with a center
tap. The current representing chordwise twisting moment is shown in
figure 9(b) where the phimary winding of transformer tl also has a

center tap. The resistance which is in series tiththe primary wtiding
has been divided into two equal parts.

It is now necesssry to recognize that the center taps of trans-
former tl are the nodal points of figure 8. If the nodal points of

figures 8(e) and 8(f) are superposed on the center taps of the trans-
former in figures 9(a) and 9(b) the resulting circuit will appear as
shown in figures 9(c) and 9(d). When current enters a transformer .
winding at an intermediate tapped position, each segment of the -ding
will carry a different current. M such a case the law of currents for
the transformer requires that the sum of products of current by number
of turns for each segment of the primsry winding shall equal the corre-
sponding sum for the segments of the secondsry winding. The present
case is greatly simplified by the fact that the half windtigs of the

—.. ..—..—— .—-—— .——— —. —-.— —
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primary and secondary coils have the same number of turns and the current
entering the center tap of the secondary winding is equal to the current
leaving the primary winding. This latter condition is,guaranteed to be .

true by the current law for the transformer t2. Because of these simpl.i-
fications the current law for t1 may be reduced to equation 14(a) or

14(b). Thus the twisting-moment circuit satisfies all equilibrium
conditions. .,

The remaining feature of the designing’of the twisting-moment circuit
consists”of determining the size of the resistors. For this purpose the
circuit of figure 9(d) has %een enlarged and drawm ss figure 10 where the
voltages at all of the nodes are given. h order to determine the size
of the resistors it is necessary to write Ohm’s law for the resistors.
An analogous structural equation must then be derived “froman application
of Hooke’s law to the idealized skin panel.

M order to write Ohm’s law for the resistors it is necessary to
determine the voltages at the interior no”dalpoints. Since tl has a

one-to-one turns ratio the voltage drop across the primary coil must
equal the known drop across the secon~ coil. Because of the voltage
law for transformers the voltage at the center tap of the secondsxy coil
of tl (see fig. 9(c)) must equal the average of the known values at the

ends of the winding. This voltage, (1/2)[~in + ~(i+l)n]) becomes imme-

diately the voltage drop across the secondary of t2 and hence is also J

the volta~ drop across the primary of t2. This gives immediately the

formula for the voltage at the center tap of the primary of tl as shown n
in figure 10. Since the voltage drop across each half winding must equal
one-half of the drop across the total winding the voltage at each end of
the primary of tl ‘may be determined to be

law for the resistors may now be written as

RITm(+) = ~smti+ ~~ -

as shown in figure 10. ohm’s

follows:

P( j+l)m ( 16a)

( 16b)

It is now necessary to develop equations relating internal forces to
displacements. These equations must take the same form as equations (16)
and yield formlas for RI aid I@. In figure n(a) the idealized panel
is shown with the forces which act on it. Dotted lines indicate the
sections along which the panel is cut to form three pieces as shown in
figure U.(b). Because of the relations given by equations (9) and (10)
it can be shown from statics that there are no shearing forces on the
cut sections. The normal stresses sre assumed to be uniformly distributed. .
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If the external sheming forces are also assumed to be uniformly distrib-
uted each triangular panel is in a uniform state of pure shear. These
assumptions regsrding stress distributions are obviously one of the
sources of error in the method of analysis. The narrow diagonal strip
on which Fsm acts must be considered to have a negligible width.

h order to establish force-displacement relations it is necessary
to introduce a definition of shearing strain in each of the trian@ar
panels. For this purpose the two triangular panels are sho~m in fig-
ure 12. h figure 12(a) points A, B, and E’are the midpoints of the
sides. Sheering strain is defined as the increase in angle AEB which
takes place under load. Similarly h the outboard triangle shown in
figure X2(b) the shearing strain is defined as the increase which occurs
under load in angle ~. It maybe seen that a displacement of points A,
B, C, or D normal to their edges will cause no -shearirigstrain. Also it
may be noted that a motion of point E in a direction parallel to the
diagonal edge causes no sheartig.straini For convenience the distor%ed
panels have been drawn with only a normal component of displacement at
point E.

At points A, 13,C, D, and E the components of displacements which
contribute to the shearing St-rainsare indicated as a, b, c, d, snd e
The shearing strain in the inboard triangle will be indicated as 7m@~

while the sheartig strain in the outboaii trisngle will be indicated by

7m(-). These strains maybe expressed in terms of the displacements as

follows:

The displacements

7m(+) . (2/h) ~ - a + & - b

(GE )
(17a)

~m(-):=(2/~)c.:+d-q

.( )E-E’
(17b)

-,.. ... . -’.,$., . .
can be ‘e@ressed ih terms of the rotations of the nor-

mals by the following formulas: “

a= -(h/2)~~ (18a)

b-= (h/2)P(’j+l)m (18%)

- c-= -(h/2)P(i+l)n (18c)

d = (@)B~ (led)

e = (h/2)Psm (l&)

... —..—-— — . ..— — — —--— —._.. _ .
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Substituting equations (18) into equations (17) gives:

Tin(-)= (h/~) [Pjm - B(i+l)n - $sm@]

NACA TN 3115

( 19a)

( 19b)

The shearing stratis are related to the twisting mnnents by the formulas

~JJ . d-)
l.thG

(20a)

(20b)

Substituting equations (20) into equations (19) and introducing I as
the moment of inertia of the skin per unit of length give

()1 *W(+)
z

()~ Tm( -)
2GI

It is now seen that equations

= Bin - P(j+l)m + Psm@

= ~jm - ~(i+l)n - ~sm~

(21) have the she form
and that the resistances are given by

R1 .&+

The sum of the two resistances R1 and ~ is equal

(21a)

(21b)

as equations (16)

(22)

to the resistance

.

which would be used if there were no diagonal spar beneath the skin panel.

The desi~ of the circuit elements csrrying currents that sre snalo-
gous to bending moments is the same as for a straigM wing. The desi~
of the circuit for the leading- and trailing-edge members is the same as
that which was used for the leading edge of the delta wing in reference 3.

The limitations upon direct applicability of the theory herein
presented should be noted. From the above structural theory it csn be
seen that the interior spsrs must lie along true diagonals of the idealized w

—
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skin panels. This mesns that the idealized spars and ribs must be
equally spaced. The actual ribs and spars of a g<ven wing must be
replaced by equivalent ribs and spars in the idealized structure. The
spacing of the idealized spars mhy be considered to be arbitrary and will
depend upon the amount of electrical equipment which is available. The
spacing of the ribs is determined by the spacing of the spars and the
sweep angle. For sweep angles other than 45° the idealized skin panels
become rectangular. For very lsrge or very small sweep angles the rib
spacing becomes i~racticable. The method of
directly to swept wings with variable chord.

IIXiOINGCONDITIONS

analysis cannot be applied

The plan forms of the wings are symmetrical about the plane of
symmetry of the aircraft. Only symmetrical loading conditions have been
used since the antisymmetric conditions would require more electrical
equipment than is available at present on the Cal-Tech analog computer.
The loads have been applied to the wing in symmetrical pairs of concen-
trated forces. For each position of the concentrated force, deflections,
sheas, bending moments, and twisting moments were measured at all points.
Loads were applied at the intersection points of ribs and spars as shown
in figure 3. When measurtig deflectionsall points were loaded one at
a time. When measuring internal forces only points outbosrd of the sup-
port were loaded. The boundary conditions, symmetry conditions, and
support conditions are the same as for the straight and delta wings and
are discussed in detail in references 1 and 3.

A few special cases were computed in order to provide data that
might be useful in future efforts to formulate more elementary structural
theories. For the wing with rectangular cross section analyses were made
for the case of the ribs being infinitely stiff in bending but with
finite shearing stiffness. A second case was computed with the ribs
infinitely stiff in bending and shear. A third case was computed in’
which the effect of shearing strains in both the ribs and spars was
omitted. For these three cases the tigwas loaded at points 91 and 97.
For the wing with biconvex section a special case was computed in which
the shear web of the rear spar was cut just outboard of the support.
This was done by removing the corresponding resistor from the circuit.
For this case the wing was loaded at point 91.

TWATMENT OF DATA l?R2MCOMPUTING MACHINE

The computed results are contained in tables 1 to 5. In the process
of converting electrical measurements to structural quantities correction
factors were introduced to satisfy the static conditions for the total

— —.



14 MACA TN 3115

.
bending moment over the support and the total shear in the first bay
outboard of the support. This correction factor as well as the sources
of error involved in the use of the analog computer is discussed in
detail in reference 1.

The deflections which are given in the tables are in inches for a
concentrated load of 1 kip on each half of the wing. The internal forces
correspond to a concentrated load of 1 pound on -eachhalf of the wing.
The internal forces which are given in the tables are the total forces
in an element of the idealized wing rather-than the force per tit of
width as is used in elastic plate theory. The twisting moqents w~~h are

recorded in the tables are computed as the average values of Tu (-~ ad

Tin(+) as defined in the structural theory.

ELECTRIC CIRCUITS

The complete electric circuit is.shown in three parts in figures 13,
14, and 15. In figure 13 there is a planar circuit in which the currents
represent shears in the ribs and spsrs and the voltages represent deflec-
tions. h addition there are linear circuits along the outboard spars
in which the currents represent bending moments in the idealized spars.
The condition of symmetry requires that there shall be no spanwise shears
at the plane of symmetry of the aircraft. Hence no circuit elements
appear across the plane of symmetry. The nodal.points along the support
are grounded since the deflections must be zero along this line. The
bending moments along the leading edge and the trailing edge in the spars
are computed at the center of the bays rather than at intersection points
of ribs and spars.

W figure 14 the currents represent spanwise bending moments and
chordwise twisting moments in the idealized skin material. In the fuse-
lage bay the circuit is the same as for a straight wing. In the outboard
region the bending resistors are desiqed in the same manner as for a
straight wing. The currents representing twisttig moments are carried h
elements which are designed according to the structural theory herein
contained. At the plane of symmetry of the aircraft the spanwise,rota-
tions of normals in the spars must be zero. Hence these voltages are
grounded.

In figure 15 the currents represent chordwise bending moments and
spanwise twisting moments. The benfing-moment elements are designed as
in a straight wing. The twisting-moment elements are designed according
to the theory herein contsined. At the plane of symmetry the spanwise
twisting nmments must be zero. Hence no corresponding circuit elements
appear at the plsne of symmetry. Along the support it has been assumed .

. .— -.— _— . ———— ——.—.——-——
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that the chordwise rotation of the normals will be restrained to be zero
%y the supporting structure. Hence these nodal points are grounded.

A few conments concerning the choice of scale factors which were
used in designing the electric circuits may be of interest. The struc-
tural quantities which correspond to resistances or turns ratios of the
transformers must be multiplied by appropriate scale factors to determine
the actual circuit elements. The measured currents and voltages, as
obtained from the meter, must be multiplied.by appropriate scale factors
to determine the true values of the corresponding structural quantities.
After the scale factors have been chosen for desigd.ng the circuit ele-
ments the scale factors for the computed quantities are obtained from
the basic equations of the structural theory. A theoretical discussion
of scale factors is given in the appendix to reference 5.

FYom a proper choice of scale factors relating displacements and
voltages it was possible to make all of the transformer turns ratios
equal to unity. The remaining scale factors were chosen to require
resistors rsnging from 50 to 5,000 ohms with currents not exceeding
30 milliamperes. The maximum voltage did not exceed 50 volts. The fre-
quency of operation, chosen to give minimum error from parasitic effects,
wss 100 cycles per second.

.

PRESEN!NYTIONOF RESULTS

The data taken from the analog computer sre presented by means of
tables snd diagrams. All of the data are given in tables 1 to 5. Deflec-
tions, shears, spanwise and chordwise bending moments in the idealized
orthogonal flsnges, bending moments in the idealized diagonal spar flanges,
and the values of twisting moments at the center of each square shear
panel are given for each loading condition. Some of the data have been
presented in diagrams. The data so presented have been chosen to illus-
trate points of interest, particularly the effects of simplifications in
the structural theory.

The internal forces for six loading conditions are given in plan-
form diagrams in figures 16 to 24. These diagrams sre of three kinds:
One kind shows the distribution of shears in the ribs and spars (figs. 16
to 18); the second kind shows the distribution of spanwise bending mments,
chordwise twisting nmments, and the bending moments in the leading- and
trailing-edge spars (figs. 19 to 21); the third kind shows chordwise
bending moments and spanwise twisting moments (figs. 22 to 24). ‘These
diagrams should give the reader a good idea of the distribution and
interdependence of the internal forces. The arrows show the paths along
which the forces are transmitted. In the shear-distribution diagrams,

. . ——.- _.—— -— —.———.
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the inflow at each junction should equal the outflow. In the other two
types of diagram, inflow and outflow will not balsnce because the incre.
ments in moments due to rib and spar shears and the moments in the
internal diagonal spar flenges sre not shown in the diagrams.

.

Chordwise distributions of deflections and internal forces as well
as vibration nmdes and other miscellaneous curves are given in fig-
ures 25 to 36.

DEFLECTIONS

Chordwise-deflection curves for the wing of biconvex section ~e
compared ~ figure 25 for loads applied at points 91 and 97. Because
of its eccentricity the load at point 91 causes considerably larger
deflections along the trailing edge than the load at point 97. The
rotations of the chordwise cross sections are nearly zero for a load at
point 97.

In figure 26 a load is applied to point 91 of the wing with rectan-
gular cross section and the resulting deflections for the case of elastic
ribs are compared with the deflections for the case of rigid ribs. In
the case of rigid ribs the average deflection of any cross section agrees
well with the average deflection ti the elastic-rib case, but the angle
of twist of the cross sections appears to differ considerably. A similar
comparison is made in figure 27 for a load at point 97, where the agree-
ment appears to be better. In fi~e 28 deflections sre compered for
the same wings for an upload at point 91 and a do~

.
t petit 97. In

this case the rotation of the chordwise cross section at the tip in the
case of rigid ribs is only 57 percent of the rotation observed with
elastic ribs. It should be remembered that in the cases with rigid ribs
the shesring flexibility of the spars has been retained.

The effect of shesring strain in the ribs amd spars on deflections
is illustrated in figure 29 for the wing of rectangular cross section.
For a load at point 91, the effect of shearing strains is to increase
deflections along the trailing edge by about 9 percent. The increase in
deflections along the leading edge is much smaller and nesr the support
a small decrease is observed. For a load applied at point 97 the effect
is reversed. Consequently if a torque is applied to the tip, the rota-
tion of the chordwise cross section at the tip is decreased by about
20 percent when shearing strains in the ribs and spsrs are omitted.

.

..—— _____ _. _
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SHEARS

The distribution of shears is illustrated in plan-fonu diagrams in
figures 16 to 18. As in the case of the delta wing (ref. 3) the shear
in the ribs tends to flow toward the leading edge in the tip rib snd
towsrd the trailing edge h the ribs farther inboard, for all loading
conditions. This behavior helps to distribute the spanwise bending
moment more evenly.

In figure 16, which compares shear distribution in the wings of
rectangular and biconvex sections for a load at point 73, it is seen
that the shape of the cross section does not have a large effect on the
shear distribution.

The effect of the omission of shearing strain in the ribs and spars
is illustrated in figure 17 for a load at point 91. The shear in the
rear spar is increased 25 percent near the support when shesr strains
are omitted.

It will also be observe~ in this figure that the shear flow in the
leading edge near the support is negative, as a result of the large
eccentricity of the load.

The effect of making the ribs rigid is illustrated in figure 18 for
a load at point 97. The discrepsmcy in this case is = much EM 50 percent.

SPANWISE BENDING MOMENTS AND BENDING MOMENTS IN SPARS

The term “spanwise bending moments” as used in this paper refers to
the bending moments in the flanges of the idealized structure oriented
normal to the ribs (see fig. 5). The term “bending moments in the spars”
refers to the bending moments csrried by the idealized spsrs which are
parallel to the leading edge.

The distribution of spanwise bending moments and of the bending
moments in the spars is shown in plan-form diagrams in figures 19 to 21
along with the chordwise twisting moments. The small bending moments
carried by the two interior spars in the portion of the wing outboard of
the support are not shown in these diagrams.

In figures 30 to 32, spanwise normal stresses at points just to the
left of the support are shown. In figure 30 it is shown that, for the
wing with biconvex cross section loaded anywhere along ribs 7 or 9, the
msximum spanwise normal stress over the support occurs between spars 1
and 3. The chordwise location of the load has only a small effect on the

.—...+-— ——– — -—- -—.—
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magnitude and location of the msximum stress. In figure 31 spanwise
normal stresses along the support for a load at point 91 on the wing of
rectangular cross section are shown. In this case a considerable stress

.

concentration exists at the rear spar. It appears that the assumption
of rigid ribs and the assumption of no shearing strains in the ribs and
spars give good results in this case.

A simiM comparison is made in figure 32 for a load at point 97.
In this case the maximum stress also occurs at the trailing
its magnitude is considerably less than for a load at point

A discussion of the general effects of the assumptions
and of infinite shearing stiffness h the spars is given in

edge, although
91.

of rigid ribs
reference 3.

TWZSTING MOMENTS

The distribution of chordwise twisting moments 1s shown in plan-form
diagrams in figures 19 to 21. These are “numericallyequal to the span-
wise twisting moments which sre shown in similar diagrams’in figures 22
to 24.

The chordwise distribution of spanwise shearing stresses in the skin
at points midway between ribs 3 and 5 is shown in figure 33 for the wing
of rectangular cross section. At the leading and trailing edges the
spanwise shearing stress was computed from the bending moment in the spar
flanges of the idealized structure. This is permissible because there
are no normal stresses perpendicular to the free edges. At the two inte-
rior points shearing stresses were computed from the average twisting
moments fi the rectangular shear panels of the.idealized structure.

In figure 33(a) the distribution of shearing stress is shown for a
load at point 91. In the wing with elastic ribs the shearing stress is
much greater at the trailing edge than at the leading edge. When shesring
strains in the ribs and spars are omitted, the shearing stress is uni-
formly decreased by a smll amunt. In the case of rigid ribs the chord-
wise variation of shearing stress is nmch less pronounced. Similar obser-
vations csn he made from figure 33(b), for which the load is at point 97.

CHORDWISE BENDING MOMENTS

The bendtig moments in the ribs are illustrated in plan-fore diagrams
in figures 22 to 2h. For the case of rigid ribs, the bending Dments
shown are in equilibrium with twisting moments and rib shears. They are
not equal to Poisson’s ratio times the spanwise bending moments. The

.

.
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bending momsnts in the ribs are compared in figure 34 for the cases of
elastic ribs and ribs which are rigid in bending but elastic in shear.
The bending moment in the tip rib shows fairly good agreement between
the elastic and rigid cases for either a load at point 91 or a load at
point<97. In rib 5, the rigid-rib case shows roughly 25 percent greater
msximum bending moment thsn the elastic case.

For a load at point 91 the rib bending moments sre as large as the
spanwise bending moments because of the eccentricity of the load.

VIBRATION MODES

Vibration modes were measured in the same way for the 45° swept wing
as they were for the delta wing and the tig of rectangular plan form so
that the remarks in reference 1 concerning vibration nmdes apply to the
45° swept wing. Symmetric vibration nmdes were measured for both the wing
of rectangular cross section and the wing of biconvex cross section.
Frequencies snd deflections are recorded in tables 4 and 5. Symmetric
modes for the wing of rectangular cross section are illustrated in fig-
ure 35 by means of contour drawings.

The first mode at 36.0 cycles per second maybe described as the
first bending mode and shows Mnes of equal deflection perpendicular to
the swept edges. The second mode at 114 cycles per second may be
described as the first torsion mode and shows a line of zero-deflection
intersecting the Hne of support at the trailing edge. The third and
fourth modes, which are only 10 percent apart in frequency, seem to com-
btie a second bending mode of the outboard wing with large bending ampli-
tudes of the fuselage carry-throughway.

The difficulties that would be involved in replacing the 45° swept
wtig by sn equivalent beam for dynamic anal~es are made evident by the
contour lines.

CONCLUSIONS

The foregoing discussion of the results of an analysis of a swept-
back wing on the Cal-Tech analog computer is based upon the data presented
in the figures which include only a small portion of all the data taken.
The reader will find that the data in the tables will permit him to make
a more thorough study of any particular case in which he may be interested.
For example he can conbine the results for several concentrated loads to
find the results for a particular distributed load.. me problem ~a~zed
in this paper utilized the Cal-Tech analog computer for 2 weeks. The
results and conclusions of the investigation are as follows:

——. —.— — — ——
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.
1. For the wing of rectangular cross section very high spanwise

norml stresses were found to exist at the intersection of the trailing
edge with the face of the fuselage for loads applied along the tip. The .

magnitude of the maximum stress was considerably reduced and its location
was shifted slightly forward in the case of the biconvex wing.

2. For the wings analyzed in this paper, which have homogeneous
skin coverings without heavy concentrated flanges, it has been found that
the shearing stresses in the skin and the chordwise normal stresses are
of the same order of magnitude as the spanwise normal stresses for loads
app~ed at the tip, particularly for loads applied at the rear corner.
For the delta wing analyzed in NACA TN 3114, these stresses were found to
be small for a concentrated load located anywhere on the plan form.

3. The effects of neglecting shearing strains in the ribs and spars
and also of assuming the ribs to be rigid have been investigated by
modifying the electric circuits to correspond to these simplifications.
It has been found that the omission of shesring strains produces errors
in the deflections of the order of 10 percent or less. The assumption
of rigid ribs gives good results for the average deflection of any rib
and for the distribution of spenwise normal stress; it produces errors
of the order of 2> percent h the distribution of spanwise twisting
moments, rib bending mments, and the shears h the ribs and spars; it
gives surprisingly poor results for torsional deflections due to a couple
applied to the tip. It should be emphasized that the conclusions con-
cerning the effects of these assumptions cannot be applied to an analysis

.

in which both the assumption of rigid ribs snd the assumption of no
sheartig stratis in the spars are made simultaneously. .

4. The results of this paper indicate that, for wings of low aspect
ratio, the elastic camber of the ribs has a significant influence upon
the deflections and internal stress distribtiions.

California Institute of Technology,
Pasadena, Calif., March 24, 1953.

.
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TABLE 1
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—
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1
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.0341
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-.OW

-.0141
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TABLE 1.- Continued

WING WITH RECTANGULAR SECTION

(b) Spanwlse ahebra

Ihear 6panwise sheer, lb/lb, at loading ~lnt -

mint
51 1 53 .5.5 57 71 73 75 77 91 93 y5 97

21 -0.059 -0.016 0.003 0.015 -0.092 -0,056 -0.018 0.007 -0.130 -0.095 -0.061 -0.02k

23 -.003 -.022 -.001 .008 -.035 -.039 -.042 -.023 -.069 -.067 -.070 -.071

25 .019 .002 -.o24 .004 .033 .014 -.009 -.031 .ox .032 .o13 -.CX39

27 .041 .035 .022 -.028 ,092 .080 .069 .047 .145 .130

41

.117 .103

.793 ,352 .114 0 .784 .522 .274 .069 .834 .599 .368 .158

.1P .426 .26!3 .132 .284

$
.311 .300 .259 .327 .326 .312 .297

.049 .1.55 .425 .279 .045 .143 .266 .331 .028 .125 ,221 .304

-,032 .067 .193 .589 -,113 .024 .u%
$

.340 -:;$ -.040 .0s .241

-.122 .038 .O11 -.OI.3 .615 .263 .082 -,CK)7
63

.318 .’162 .045
.030 -.118 .035 .024 .237 .405 .246 .116 .339 ,326 .270 .201

.069 -.003 -.11> .07’5 .167 .203 .404 ;‘2;: .211

$
.245 .309 .305

.011 ,075 .062 -.091 -.011 .125 ,264 -.040 .109 ,25k .4A5
81 -,007 -.ci)2 -.004 -,003 -.I26 -.003 -.010 -.012 sg .122
83 -.024

.011 -.(x)6

-.019 -.002 -.003 -.052 -.127 .o15 .m4 .489 ,212 .083
85 -.008 -.014 -.015 .004 .062 -.006 -.111 .047 .169 .181 .499 .222

87 .026 .025 .013 -.004 .082 .112 .086 -.059 ,139 ,202 .269 .690



TABLE l,- Continued

WING WITH RWTANGUL4R SEUCION

(c) Chordwise aheara

Shear .

point 71

E 0.059
14 .061
16 .042
52 -.098
54 .064
56 .041

P -.u.6
74 -,061
76 .017

92 -.c!05
94 -.025
96 -.030

53

0.015
.037
.035
.312

-.152
.007
,041

-.059
-.049
0
-.018
-.029

55

-0.003
-.001
.023
.104
.336

-.131
.014
.050

-.050
-.003
-.003
-.016

Chordwlee sheer, lb,

57 71

-0.015 0,091
-.023 .127
-.027 .093
.014 ,182
.122 .224
.327 .099

-.011 -.308
.016 -.015
.086 .090

-.002 -.119
-.004 -.162
.002 -.090

73

0.055
.095
.081
.262
.163
.100
.266

-.225
-.o13
.002

-.m
-.121

Lb, at loadlng point -

75

0.018
.061
,069
.1P
,’247
,106

.W

.323
-.181
-.007
.OI.2

-.095

77

-0.0Q7
.016
.047
.075
.218
.273
.ci)3
,115
.341

-cm
-.001
.049

91

0.128
.196
.145
.343
.328
.143

-.023
.139
.179

-.532
-.329
-.153

93

0:$:

.130

.276

.274

.150

.194

.037

.091

.132
-.408
-.216

95

0.059
.131
.m
.205
,24-5
.156
,151
.208
.013
.018
.240

-.285

97

0.023
.094
.103
.113
.2Q6
,2Q3
.049
.164
.247

0
,089

.3?3
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point

TABIE l.- Continued

WING WITH RECKCANGUIAR SECTION

(d) E@nwise bending nmnmnts

51

-4.21
-5.80
-4.25
-1.72

-6.83
-5.00
-3.38
-.80

1,99
2,43
-.67

-1.67
.13

-,27
1.57
-,47

.39

.26

53

-3.46
-5.69
-4.70
-2.13

-4.72
-5.4-9
-k. 18
.1.61

-.94
2.18
.18

-.86
-.47
,41

.33
-.25
-.;:
_.

E@nwlse bending moment, in-lb/lb, at loading point -

55

-2.92

-5.19
-5.25
-2.63

-3.53
-4.56
-5.30
-2.60

-2.21
..52

-,27
-.E
-.&l
.13

.33
-.40

-.93
-.22

57

-2.46

-4.75
-5.31
-3.47

-2.56
-4.01
-4.43
.5.00

-2.51
-.26

-.99
-.44

-2.94

-.04
,10

0
-.15
.10

71 73

-8.16 -7.4C
-11.74 -11.54
-8.62 -9,Z
-3.36 -3,x

-12.&l -10.76
-11.02 -lo,ge
~;.g -7.86

1. -2.4-C

-.06 -2.60
6.32 2.54

-6.20 -6.10
-5.86 -6.04

.14 -1’.20
1,E?8 1.98
1.&3 1.82

-2.38 -1.%1

.9=” -,58
1.08 -.02

75

-6.59
-11.28
-9.72
-4.42

-8.76
-10.86
-8.89
-3.48

-4.12
.54

-5.14
-6.54
-2.62

.48

.X
-.74

-1.32
-,78

77 91

-5.90 -12.21
-10.70 -17.82
-10.30 -=.87
-5.08 -5.07

-7.12 -18.66
-9.98 -16.98
“::.$ -10.44

. -1.92

-5.44 -2.76
-.74 6.99

-4.68 -12,42
-5.62 -10.X
-%;; o

6.81

-.20 -2.58
-.74 -6.12

-3.96 1.02
-’.22 2.55

93 95 97

-11.46 -10.74 -9.96
-17.52 -17.19 -16.86’

-:.3J -13.83 -14.43
. -6.06 -6.63

-16.86 -15.03 -E.96
-16.86 -16.77 -16.59
-11.31 -12.E -13.17
-3.00 .-4.05 -5.28

-4.92 -7.05 -8.49
3.18 .84 -.96

-12.15 -11.82 -10.62
-10.83 -11.49 -E.33
-1.56 J3.06 -5.13
1.38 -.09 -.42

-3.72 -2.85 -2.31
-6.54 -7.95 $.::

-.93 -2.91
1,17 .15 -4:83
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WING

(e)

TABLE 1.- Continued

WITH HFCIMNGLJIAR SECTION

Chordwi se bending momenta

51 53

-0.70 -0,7’7
-.49 -.62

-2.40 -2.17

-5,08 3.03
-3.42 -.81
-.17
.32 -::

-.90 .21
-1.69 .95
-.39 .55
-.04 .01
-.70 .15
-.27 .08

Chordwise bending mmsnt, in-lb/lb, at loading point -

55

-0.70

-.7’2
-.52
.38

4::

-,13
0
.83
.94

-.04

.05

.23

57

-0.57
-.66
.26
.42
.58

2.95
,04

-.05
-.27
,17

-.03
-.14
-.09

71

-1.50
-1.04
-6.20

-11.OO
-7.78
-,16
-l,ao
-7.38
-6.56

-.90
-1.80
-2.44
-1.10

73

-1.50
-1.16
-2.48
-5.16
-4.46
1.20

-1.94
2.%1
-1.82

.48

.08

.16
0

75 77

-1.52 -1,44
-1.30 -1.40
-.52 .74
-.72 .70
-.90
::$ %

.14
.36 .28

5.22 1.08

1.32 3.98
-.10 -.12
,60 -.28
.80 .26

91

-2.34
-1.59
-6.81

-1>.63
-u.82

-%
-15.66
-12.30
-1.11
-8,28
-6.78

-2.58

93

-2.34
-1,71
-3,06
-10.26
-8.25

1.50
-1,32
-6,84

-6’.96
.84

2.19
-2.94
-1.20

95 97

-2. 4 -2.31
8-1. 3 -1.98

-.81 .99
-5.13 -1.47
-4.74 -1.23
3.03 5:;;
.18

-.42 .42
-1.26 2.’46
2.88 7.14

.33 .03
4,17 1.08
-.12 4.89
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TAEIE 1.- Continued

WTN3 WITH RECZMNGULAR SECTION

(f) Bendhg moments in spars

TT=
-3.28 -1,29

1.22 .18

.10 .04

-.18 .10

.01 -.04

-.20 -.06

-.07 0

-1.51 -1.48

-1.56 -.51

-.62 -.16

Bending moments in spar, in-lb/lb, at loading point -

55 57 71

.0.?3 -0.08 -8.76

.14 .14 -1.4-8

.06 .04 1.52

.04 .04 -,6L

o .01 -.22

,17 .08 -.56

-.03 .03 -.34

.1.47 -.38 -3.20

.62 1.20 -4.30

.18 -.10 -2,32

73 75

-5,62 -3.36

-.14 0

.12 .16

-.46 -.2Q

.06 .02

-.42 -.32

-.14 .12

-3.14 -3.16

-3,14 -1.!36

-1.16 .20

77

-1.64

.14

.14

-.06

.02

-.08

.08

-3.20

.20

.98

91

-13.23

-7.&3

-5.67

-1.11

-.78

-.93

-.75

-4.80

-7.38

-4.86

93

-10.26

-4.23

-1.20

-.84

_.a

-.75

-.54

-4.71

-6.15

-3.81

95

-7.26

-2.16

0

-.62

-.21

-.63

-,4$

-4.69

-5.01

-3.15

97

-4.68

-.93

.12

-.33

-.09

-.42

-.12

-4.68

-3.99

-1.05
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WING

(d

TAME 1.- Conclud*

WITH RECMNGLJLAR SECTION

Elpdnwiae twisting moments

51

-1.67

-.79

-.22

-4.26

-3.05

-1.02

-1.53

.47

-.81

53

-1.01

-.46

,04

-2.34

-2.43

-.92

-.35

-.23

-.28

Spanwise twisting moments, in-lb/lb, at loading point -

-0.65 -0.33

0 .30

.35 1.10

-.24 .45

-1.33 .72

-.49 .16

-.06 .32

-.12 .06

-.31 -.06

71

-30CK)

-1,6

-.48

-8.&

-6.56

-6.18

-5.42

-1.36

-3.10

73

-2.42

-1.20

-.16

-6.26

-5,30

-3.t!8

-4.o2

-.96

-1.64

75 77

F1.a2 -1.32

-.74 -,22

.18 .62

-3.52 -1.34

-4.00 -i.88

-1.46 -.38

-2.I.O .48

-.& .12

-.84 -.12

91

-4.44

-2.46

-.75

-12.96

-9.96

-12.03

-9.90

-7.95

-7.56

93

-3.90

-2,o4

-.42

-10.3!2

-8.52

-9.33

-8.10

-5.13

-6.48

95

-3.33

-1.62

-.09

-7.73.

-7.20

-5.76

-6.30

-1.53

-4.17

97

-2.67

-1.17

.27

-4.68

-5.55

-2.88

-3.00

-.21

-.33
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15

17

51

73

55

57

71

73

75

n

91

93

57

97

TAB182

hZW KUE BI~ SB3?IM

(a) Dcrlectiom

—

11

—
1.031

—

13

—
).OLI.

.Ols

15 17 51

.W64 0.W6 -o.o12

.0U76 m@. -.(XI8

.Ow .01.m -,a36

,0327 -,036

.0%

0.03-0

-.CJWJ

-.C@7

-.COT

.031

.031’

Deflection,in./HP, at I.odbg pint -

75

CJ.am

-.037

-.W7

-.023

.019

.W2

.W

n n.

O.c-w -0.024

-.WH -.017

-.m -.o13

-.0U5” -.o12

,Olfm .3.00

,0158 .@@

.a206 .038

.0314 .02a

.242

73 -i5 77

,0.0226 -$1.celo -o.olg

-.0165 -.0163 -.01%

-.ol.z@-.0144 -.014(

-.ol% -o@, -.ol~

.0749 .@9 .03&

.C@2 .0455 .C’Jd

.04-CO ,0424 .@’z

.02&3 .0339 .*$

.1Q3 .U96 .Om

,1463 .IJ.23 .05-4?

.1072 .C504

.Im2

91 93 m 97 :;

.0.0363 -0.0351 -0.0336 -o.031k 4.0339

-.=55 -.WQ -.ce49 -.0243 -mm

-.OX)l -.Q -.CW.O -.CB14 -.W4

-.ol@ -.UXA -.cQ16 -.a?y -.OI.66

.1397 .- .%54 .0741 .20S$

.@@ .- .0752 .0572 ,W@

.0%7 .C57k .o% .060) .c%36

,O?m .0392 .0452 .Om .0310

.3630 .2924 .2%) .1* .&w

.2576 ‘.@ .1934 .163 .$S35

.lmo ,1’U9 .1642 .151.9 .19*

.1202 .1274 .134CL .146 .1224

.6-W .4822 .3632 .2652 .7038

.4173 .3344 .261k .9+

.3096 .ax .B18

.f@6 .’Z742



I

I

I

I

hem

o tit

21

23

25
27
41
43
45
47
61
63
65
67
81
83
85
87

TABLE 2.- Continued

WING WITH BICONVTX SECTION

(b) Spanwise shears

51

.0.053
-.006
.022
.035
.701
.282
.055

-.04Z
-.1X

.05E

.083
0
0
-002C
-.007
.Orj

53

-0,017
-,022
,013
,025
,276
.492
,196
.037
.022

-.104
.021
.054

-.002
-.013
-.007
.017

55

-0,0Q3
o
-.007
.010
.07’5
.297
.450
.138
.001
.028

-.087
.052

-.002
-.033
-.010
.010

2panwise shear, lb/lb, at loadfng point -

57

O.mk
.@14
,047

-.055
-.031
.131
.404
.4g6

-.017
.c06
.119

-.111
0
-.035
.m5

-.@33

.0,073
-.051
.045
.07-7
.645
.42e
.043

-.115
.507
.352
.174

-.Ox!
-,E1
-.039
.087
.053

-0.048
-,050
.037
.061
.413
,400
.192

-.(M6
.187
,470
.254
.088

-.005
-.105
.016
,079

-0.023 -0,036
-.049 -.027
.027 .014
.044 .018
.194 .004
.344 .269
,360 .489
.102 .239
.044 -.032
.258 .0!33
.491 ,413
.207 ,534

-.007 -.006
.008 -,013

-.081 ,093
.069 -,075

aRear spar carriee no sheu from point 51 to point 31.

-0.103 -0.cao
-.091 -:%;
.074
.119 .W9
.6!3’2 .&
.477 .416
.016 .172

-.17’5 -.057
.374 ,232
.501 .400
.193 .294

-.061 .075
.401 .07’7
.364 .544
,17”7 .236
.076 .145

95

.0.058
-.083
.058
.o&l
.266

.353

.323

.058
,.100
.289
.404
.201
.001
.220
.’563
.203

97

-0.032
-.081
.049
.063
.069

.304

.466

.161
-.CW5
.176
.476

.335
-.008
.064

.333

.609

91
(a)

.0.027
-.173
.046
.152
.001

1.307
.005

-.314

.357

.654

.184
-.1%
.417
.403
.186

-.-1.029

I

,

G

,



!MBIE 2.- Continued

WTNG WITH BICWVEX SECTION

(c) Chordwise shears

Shea

point

12

14
16
52
54
56
72
74
76

z
96

a

(!hordvise ehear, lb/lb, at loading point -

51 53 55 57 71 ~ ~ 77 91 93 ~ 97

0.052 0.01 0,003 -Ox& o;og4 0.048 0.022 0.o06 0.101 0.078 0.057 0.031

.058 .03J .003 ,098 .070 .032 .194 ,166 .139 .113

.035 ,025 .010 -.055 .077 .061 ,044 .018 .1.19 .100 .081 .064
-0la ,255 ,074 -.014 .141 .227 .l_51 .035 .316 .243 .164 .on

.069 -la .341 .114 .216 .154 .240 .218 .288 .253 .230 .!ZII1

.041 .017 -.085 .399 .083 .091 .104 .296 .’110 .132 .144 .191

-.150 .024 .003 -,017 -.396 .193 ,052 -.025 ..o24 .153 ,101 .004

-.072 -.065 .034 -.w8 -.ci)6-.250 .304 ,071 .120 .013 .168 ,si7

.o18 -.038 -.044 .108 ,079 -,008 -.139 .400 .131 .068 .002 .261

.002 -.001 -.001 0 -;116 -.031 -.005 -.005 -.642 .081 .006 -.004

-.017 -.013 -.003 -.W4 -.150 -.102 .(XI5-.015 -.269 -.396 .231 .063
-.021 -#o18 -,o12 .022 -,057 -.082 -,074 .070 -.082 -.153 -.213 .402

w-r spar car?.lea no shear from point 51 to point 31.

-3---
(a)

0.026
.197

.153
-.356
.311
,128

-.052
.213
.207

-,641
-.231
-.041



I

I

flornmt

mint

Il.

u
v

:(-)
33

35

37
31(+)

%

55

57
71

;

77

97

‘TAB~ 2.- Continued

WZNG WITH BICOIWEX SECTION

(d) Spanwise bending .mm?nts

Spanwise bending moment, in-lb/lb, at loading point -

51 53 55 57 71

-2.04 -1,68 -1.45
-7.36 -7.z!h-6.73
-5.66 -6.10 -6.57
-.89 -1.06 -1.32

-4.16 -2.77 -2.10
-7.22 .-7.35 -6.1~
-4.38 -5.05 -6.Iz
-.2h -.83 -1.60

2.91 .02 -1.33
::% 1.76 .36

.48 .1s
-2,46 -1.25 -.37

,31 -.39 -.83

-.55 .29 .06
1.82 .21 .31
-.60 -.16 -,2;

.29 -.42 -.7C

.12 -.04 -.lC

-1.27 -3.84
-6.43 -14.$X)
-6.54 -11.36
-1.87 ,-1.7’2

-1.59 --7.28
-5,61 -15.66
-4.87 -8.74
-3.94 -.30

-1.90 1.58

-.37 j.:
-.67
-.64 -7:94
-2.58 .65
-.09 1.82
.14 1.70
.10 -3.08
.19 .68
.16 .60

I73 75

-3.52 -3.22

.14.60 -14.2.4

.11.66 -=.16
-1.98 -2.22

-6.24 -5.16
.15.22-14.68
-9.44 -10.22
-1.10 -1.94

-.74 -2.34

2.64 .60
-6.30 -5.14
-7.86 -8.20
-.76 -2.12

1.46 .28
1.86 1.06
-1.80 -.74
;:~ -1.44

-.56

mt

-2.94 -5.70
-13.74 -22.74
-12.66 -16.95

-2.53 -2.58

-4.30 -10.59
-U .42 -24.12
-11.16 -12.go
-3.12 -.39

-3.80 -.21
-.80 6.33’
-4.58 -13.86
-6.72 -13.98
-4.90
-.30 6:~
-.20 -3.96
-.% -8.04
-3.46 .87

.14 1.56

%esr spar carries no shear from point 51 to point 31.

93

-5.46
-22.26
-17.40
-2.85

-9.72
-23.52
-13.53
-1.23

-2.22
3.21

-13.08
-14.04
-.84
1.53

-4.50
-8.13
-.96
.48

55 I 97

-5.16 -4.86
-21.9 -21,51
-17,82 -18.2~
-3.03 -3.30

-8.70 -7.62
-22.89 -22,5-0
-14..28-14.94
-2.10 -2.94

-4.02 -5.52
1.05 -.84

-1.2.33-m.80
-::.2& -14,73

-4.11

-:03 -.54
-3.36 -2.79
-9.21 -7.23
-2.55 -6.54
-.39 -4.53

91
(a)

-5.10
-23.01
-17.31
-2.46

-8,07
-26.ho
-13.9!3

.k5

-3.27

1.11
-u.&
-10.47

2.g4
5.91
-5.07
-6.84

2.%
1.83

,



2

Moment

point

TAM23. 2.- Continued

WING WITH BICONVFX SECTION

(e) Chordwise bending moments

51

-0.43
-.!51

-2.52
-6.45
-4.50
-.30
.58

-.*
-2.07
-.28
.04

-.74

-.1.3

53

.0.57

-.57
.1.73
2.55
-1.32
.38

-.28
.10
.45
,41

-.01
.08
.04

Chordtise bending moment, in-lb/lb, at loflding poimt -
I 1

55 57 71 73 75

-0.55 -0.44
-.59 -.28
-.36 .36

.32 .55
4.75 .34
.83 2.58

-.06 .09
-.01 -.04
.45 ‘ -.74
.71 -.18

-.02 .01
-.02 -.15
.12 -.15

-1.0(
-1. IZ

-6.14
-13,3E

-lo. oe
-.6(

-1.72

-9.02

-8.16

-.74

-1.84

-2,3~

-.64

-1. U2 -1.16
-10U2 -1.12
-2.5-9 -.60
-6.78 -1.58
-5;;; -;.:

-1.42 -;28
2.02 .22
-2.86 4.58

.54 1.42
0 -.08
-.16 .30
.lz .*

77 91

.1.14 -l.@

.1.10 -1.65
.80 -6.15
.72 -18.57

1.72 -15.06
4.90 -.81
.28 -6,39

.38 -17,91

.22 -15.I.5
3.46 -.x
-.Q8 -10.20
-.62 -8.01
-,14 -1.62

93

-1.68

-1.68

-3.15
12.81
,10.74

.78
-1.47
-8.64
-9,15

.81
1.38

-3.48
-.48

%5

-1.71
-1.68
-1,02
-6.93
-6.36

2.25
.03

-1.50
-3.00
2.52

3:97

.39

97

1.80
1.68
.84

2.37
2.07
4.08

.57

.27
1.35
6.s4
o
.45

4.56

91
(a)

-2,10

-1.98
-.96

-22.m
-20.7’3
-2.91
-5.70

-17.6I.
-16.38
-2.61

-10.05
-7.83

-1.89

%ear spar carries no Ghear from point 51 to ~int 31.



Moment

point

41

61

81

53

73

55

75

47

67

87

TABIE 2.- Continued

WING WITH BICONVE.X HECTION

(f) Bending moments in spars

~nding nrmmnt in spars, in-lb/lb, at loading point -

51

-1..8&

1.01

.02

-.26

.04

-.30

-.11

-.81

-.89

-.35

53

0.76

.24

.04

.09

-.04

-.10

-.02

-.76

-.29

-.10

55

.0,23

.12

.03

.05

.01

.18

-.03

-.67

.34

.05

57 71

).09 -4.96

.07 -.38

.01 1.4.6

.05 -.88

.02 -.26

.11 -.&1

.03 -.M

.09 -l.&!

.% -2.52

..19 -1.34

73

3.06

.14

.12

-.64

.Ct!

-.62

-.22

1.b

1.74

-.&

75 77

.l,p -o.@l

.14 .14

.12 .10

-.30 -.10

.ok .04

-.42 -.12

#12 .10

-1.58 -1.7’0

-1.02 .30

.06 .69

aRear spar card.ea no shear from point 51 to peint

{
91 93

~

-7.08 -5.43’

-3,81 -1.y2

-4.26 -.72

-1.50 -1.L7

-1.02 -.75

-1.32 -1.11

-1.05 -.81

-2.46 -2.43

-4.14 -3.36

-2.85 -2.13

31.

95

.3.65’

-.99

.09

-.84

-.30

-.9

-.63

.2.34

.2.67

-1.65

97 91
(a)

2.25 -7.08

-.39 -4.65

.15 -4.41

-.51 -1.35

-.09 -.90

-.63 -1.41

-.21 -.96

2.37 -2.8a

2.31 -4.4A

-.57 -2.70



bment

?0 in-b

22

24

26

43

45

63

65

83

85

TABIE 2.- Concluded

WING WITH BICCMWEX SWJ!ION

(g) -wise twistingmoments

51

-1.30

-1.05

-,07

-~.89

-4.10

-1.11

-2.10

.72

-.83

53

-0.84

-.63

.16

-3.55

-3.03

-.74

-.69

-.16

-.18

Span~se twisting smwnt, in-lb/lb, at loading point - I

55

-0.60

-.08

.42

-.89

-1,40

-.28

-.31

-.03

-.23

-0.37

.30

1.18

.18

.91

.46

.17

.13

-.02

7’1 173175177

-2,26 -1.92 -1.52 -1.22

-2.I.O-1.62 -1.12 -.%

-.16 .14 .42 .82

12.02 -9.02 -5.66 -2.98

-8.76 -6.94 -5.10 -2.36

-7.12 -4.36 -1.52 -.02

-7.34 -5.40 -2,96 0

-1.38 -.&1 -.34 .38

-3.18 -1.64 -.82 -.02

aRear spar carries no shear from point 51 to point 31.

91 93

-3.33 -3.00

-3.21 -2.73

-.24 .06

-N3.24 -14.97

-13.14 -11,07

-14,04 -10.74

-13.50 -10.98

-9,06 -5.67

-8.64 -7.Q5

95’ 97 91
(a)

-2,67 -2.28 -2.55

-2.25 -1.74 -3.05

.36 .66 -.45

-11.61 -7.95 -20,73

-9.J$!-6.96 -16.3~

-6.57 -3.24 -11.25

-8.58 -4.59 -11.70

-1.65 .09 -8.70

-4,35 -.15 -7.59

G



36 NACA TN 31113

)eflect
point

11
13
15

;:
53

%
71
73
75

;:
93
95
97

TADIJZ3

SPECIALCASES FOR WING WITH RECTANGULAR SECTION

(a) Deflections

aCase I

/Deflection, in. tip
at loading point -

91

-0.0273
-.0213
-.0159
-.0126
.09G
.0729
.0507
.0288
.2514
.2010
.1530
.1065
.4440
.3651
.2982
.229

97

-0.0231
-.0201
-.0174
- ag:

.0522

.0456

.0384

.1401

.1287

.1173

.1071

.223?

.2133

.2037

.1989

bCase II

Inflection, in./kip,
at loading point -

-0.0261
-.0213
-.0165
-.0123

.0951

.0720

.0489

.029

.2430

.1944

.1476

.1020

.4233

.3579

.2928

.2265

-0.0225
-.0201
-.0180
-.0156

,0603
.0525
.0447
.0366
.1410
.1284
. u58
.1044
.2220
.2x27
.2037
.1923

aCase I: Ribs rigid in bending only.

bCase II: Ribs rigid in bending and shear.

CCase III: No shear strain in ribs or spars.

CCase III

Deflection, in./kip,
at loading p~int -

91

-0.0309
-.0213
-.0156
-.0135

.0981

.0624

.0414

.0279

.2673

.1902

. i35g

.0948

.4734

.3669

.2814

.2106

97

-0.0252
-.olg8
-.0174
-.0174

.0549

.0510

.0453

.0363

. 12go

.1227

.1158

.1032

.2049

.2007

.1971

.1893

.

— —



NACA TN 3113 37

.

Shear
point

21
23
25
27
41
43
45
47
61
63
65
67
81
83
85
87

TliBIJl 3.- Continued

SPECIAL CASES FOR WINGS WITH RECTANGULAR SECTION

(II) Sp&wise she~s

%ase I

S-panwiseshesr,
lb/lb, at

loading point -

91

-0.208
.029
.104
.072
.693
.521
.110

-.325
.469
.h29
. I-22

-.012
.474
.282
.082
.173

97

-0.113
.025
.069
.017
.233
.238
.221
.308
.097
.159
.233
.503
.003
.067
.193
.725

bCase II

Spanwise shear,
lb/lb, at

loading point -

91

-0.252
.olk
.170
.067
.744
.534
.097

-.376
.515
.387
.100
.O11
.414
.322
.091
.183

97

-0.143
.024
.109
.010
.239
.262
.221
.277
.081
.151
.245
.512

-.o24
.086
.282
.647

CCase III

Spanwise shear,
lb/lb, at

loading point -

91

-0.190
-.083

.098

.170
1.042

.165

.005
-.212

.557

.245

.243
-.033

.531

.109

.171

.207

%sse I: Ribs rigid in bending only.

bCase 11: Ribs rigid in bending and shear.

CCase III: No shesr strain in ribs or spars.

97

-0.018
-.112
-.008

.134

.189

.308

.293

.210

.042

.205

.251

.499
-.008

.096

.193

.706

—-- . .———.—.. ——. . ..— — — -. -.



38 NACA TN 3115

Shear
point

12
14
16
52
54
56
72
74
76
92
94
96

TABIE 3.- Continued

SPECIAL CASES FOR WING WITH RECTANGULAR SECTION

(c) Chordwise shears

aCase I bCase II

Chordwise shear, Chordwise shear,
lb/lb, at lb/lb, at

loading point - loading point -

91

0.206
.179
.073
.223
.322
.309
.001
.147
.182

-.584
-.285
-.187

97

0.113
.086
.018
● 1-33
.211
.196
.094
.183
.223
.008
.081
.288

91

0.249
.233
.067
.230
.385
.38~
.108
.170
.176

-.641
-.306
-.201

97

0.143
.1.20
.010
.154
.266
.241
.106
.169
.137

-.019
.074
.361

cCase III

Chordwise shear,
lb/lb, at

loading point -

91 I 97

0.185
.270
.170
.499
.417
.177
.034
.170
.238

-.531
-.405
-.221

0.016
.127
.134
.148
.250
.293
.047
.154
.213

-.002
.103
.305

%ase I: Ribs rigid in bending only.

bCase II: Ribs rigid in bending and shear.

CCase III: No shear strain in ribs or spars.

I

.

—



fiACATN 3115 39

/

TABM 3.- Continued

SPECIAL CASES FOR WING WITH RECTANGULAR SECTION

(d) Spanwise bending moments

I %sse I I bCase II I CCase III

oment
Spar-wisebending

I

Spanwise bending Spanwise bending

Oint moment, in-lb/lb, nmment, in-lb/lb, moment, in-lb/lb,
at loading point - at loading point - at loading poiut -

t

91 97 91 97 91 97

xl -IJ.64 -9.63 -11.43 -9.54 -u. 18 -9.96
13 -18.27 -17.22 -18.33 -17.49 -17.64 -~6.65
15 -13.41 -14.76 -13.65 -14.88 -12.78 -14.37

-4.6!3 -6.33 -4.62 -6.24 -5.31 -6.96
:(-) -18.06 -12.99 -~8.90 -13.62 -20.46 -13.20
33 -17. Q -16.38 -17.58 -16.56 -16.98
35

-~6.98
-11.19 -13.26 -10.59 -E?.87 -9.45 -12,99
-1.62

;;(+)
-5.37 -.93 -4.95 -1.1.1 -4.83

-;.g -7.65 -6.x2 -8.25 -3.36 -8.67
51 -.09 7.20 -.06 9.09 -.54
53 -12:6.5 -10.44 -12.39 -10.53. -12.75 --10.05
55 -11.37 -r2.36 -1”1.91 -12.33 -12.24
57

-12.66
1.98 -6.45 -6.48 -.69 -5 ● 79

71 6.81 -.06 ::; -.63 7.89 -.51
73 -2.94 -2.13 -2.49 -2.52 -1.41 -2.13
75 -6.72 -6.66 -7.38 -6.78 -7.11 -6.84
77 .51 -8.31 -.12 -7 ● 77 -.12 -7.53
97 1.98 -4.92 2.52 -4.32 2.67 -5.01

aCase I: Ribs rigid in bending only.

bCase II: Ribs rigid in bending and shear.

CCase III: No shear strain in ribs or spars.

.—. ..— ———~— — —— .— —_.——



40 NACA TN 3115

SPECIAL

‘IYiBm 3.- Continued

CASES FOR WING %lIl?HRFJXANGUIAR SECTION

(e) Chordwise bending moments

.Momentpoint

aCase III

Chordwise bending moment, ti-lb/lb,
at loading petit -

91

-2.37
-1.32
-8.9~

-14.58
-10.29

.63
-7.71

-15.78
-x2.27

.03
-8.31
-6.84
-2.70

97

-2.79
-2.22

.54
-1. f%
-1.41
5*79

.51

.33
2.61
7.50
0
1.17
5.04

%ases I and II were not measured. Case III: No
shear strain in ribs or spars.

—
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foment
)oint

41

61

8~

53

73

55

75

47

67

87

SPECIALCASES

(f)

TABIE 3.- Continued

FOR WING WITH RECTANGULAR

Bending moments in spars

aCase I ,

lendingmoment in
spar, in-lb/lb,
it loading point -

91

-10.50

-6.33

-5.10

-.W

-.60

-.87

-.66

-5.91

-7.11

-4.53

97

-5.16

-1.20

.06

-.39

-.12

-.42

-.~8

-4. o2

-3.78

-1.35

bCase II

Bending moment in
spar, in-lb/lb,
at loading point -

91

-9.87

-5.49

-4.41

-.87

-.63

-.84

-.69

-5.46

-7.47

-5.40

97

-5.04

-1.23

.36

-*39

-.12

-.45

-.21

-3.81.

-3.87

-1.35

SECTION

cCase III

Bending moment in
spar, in-lb/lb,
at loading point -

91

-12.60

-6.90

-5.67

-1.08

-.78

-.90

-.78

-3.96

-7.65

-5.85

aCase I: Ribs rigid in bending only.

bCase II: Ribs rigid in bending end shear.

CCase III: No shear strain in ribs or spars.

97

-4.32

-.93

.15

-.33

-.09

-.42

-.15

-4.35

-4.29

-1.05

—. —.-—.——- --- —.-— -— -— -—— .—— — —
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TABLE 3.- Concluded

SPECIAL CASES FOR WING WITH RECTANGULAR SECTION

(g) Spanwise twisting moments

%ase I bCase II cCase III

Moment .Sp-se ~sting Spanwise twisting Spanwise twisting
moment, in-lb/lb, moment, in-lb/lb, in-lb/lb,point moment,
at loading point - at loading point - at load~g po~t -

91 97 91 97 91 97

22 -3.15 -1.62 -3.51 -1.86 -5.43 -3.00

24 -2.43 -1.17 -2.94 -1.44 -3.33 -1.50

26 -1.86 -.72 -2.61 -1.14 -1.44 .03

43 -x2.06 -4.95 -11.13 -4.56 -11.31 -4.05

45 -11.94 -4.95 -11.13 -4.50 -8.46 -4.8g

63 -12.81. -3.24 -12.63 -3.63 -r2.27 -3. ~8

65 -11.01 -2.37 -xI_. 16 -2.79 -10.26 -3.39

83 -8.79 -.42 -9.09 -.03 -8.4g -.24

85 -8.28 -.30 -9 ● 39 -.27 -8.70 -.39

aCase I: Ribs rigid in bending only.

bcase II: Ribs rigid in bending and shear.

cCase III: No shear strain in ribs or spars.

.

— —-—. —
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Symmetric vibration modes at nnde number -

1 2 3 k
Deflection point

Frequency, cps

31.6 102.9 202 225

11 -0.95 1,24 8.60 -3.20
13 -.76 1.28 8.18 -3.72
15 -.74 1.58 10.00 -4.88

-.72 1.92 12.20 -6.22
;; 2.81 1.39 -6.45 -7.98
53 2.15 -1.30 -4.28 -6.31

1.66 -3.08 -3.39 -3:;:
% 1.27 -3.78 -3.90
71 6.40 5.58 -7.01 -4.49

5.38 .58 -1.32 -4.31
;; 4.45 ;~.~ 2.24 -2.40

3.59 ● 2.~6 .39
;: 10.00 10.00 -2.12 10.00
93 8.83 4.34 4.32 8.02

7.69 -1.22 9.24 6.57
R 6.59 -5.96 11.20 5.96

,.

,

TABLE 4

SYMMETRICVIBRATION MODES FOR WING ~H BICONVEX SECTION

-——.——–— — —-
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TAB~ 5

SYMMETRIC ICUMATION MODES FOR WING WITH RECTANGULAR SECTION

Symmetric vibration modes at mode number .

1 2 3 I
k

Deflection point
Frequency, cps

53
55
57

E
75

97

36.0

-0.86
-.67
-.56
-.55
2.70
2.,07
1.58
1.14
6.30
5.28
4.34
3.42

10.00
8.82
7.60
6.40

114.0

0.94
1.06
1.28
1.54
1.30

-1.46
-3.12
-3.28
5.30

.37
-3 ● 79
-6.00
9.99
4.38

-1.51
-5.86

228

10.00
10.10
11.00
n. 85

-11.30
-8.40
-6.64
-6.14

-10.85
-;. $

:64
-.30
8.80

16.85
15.10

252

-4.60
-5.82
-6.81
-7.40
-6.60
-6.00
-2.70

1.71
-3.24
-4.80
-2.68

1.32
10.00
7.20
5.03
4.80

——
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Figure 4.- Points at which twisting moments are measured.
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(a) Forces acting on one bay.

.

(b) Bending-moment diagram.

(c)

Figure 6.- Idealized

Analogous circuit.

interior spar and analogous

.

Cticuit.
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Figure 7.- Forces acting on idealized skin panel.
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(a) Analogous to
eqwtion (15a).

—

(c) Transformer for point
in figure 8(a).

1A~=w +

m
II

~

—

(e) Connected ctrcuit for
figures 8(a) and 8(c).

(b) @alogous to
equation (1>).

+

(d) Transformer for point
in figufe 8(b).

(f) Connected
figures 8(b)

circuit for
and 8(d)o

Figure 8.- Ndal points analogous to center point of skin panel.
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(b) Chordwise twisting
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(d) Chordwise twisting moments
with swept spsr.

Figure 9.- Analogous cticuits for twisting moments.
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Figure 11.- Subdivision of ideallzed skin panel.
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Figure 16. - Distribution of shears. Load at point ~.
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(b) *SiC wing without
shear strain in ribs

Figure 17. - Distribution of shears. Rectangular section; load at point 91. “
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Figure 18. - Distribution of shears. Rectangular section; load at point 97.
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Fi~e 21.- Distribution of spanwise bending moments and chordwise
twisting moments. Rectangular section; load at point ~.
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Figure @.- Effect of shear strain
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(a) Ftist mode; frequn~j
36.0 cycles per second.

(b) Second mode; frequency,
114 cycles per second.
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Figure 35. - Symmetric vibration modes. Rectangular section.
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(c) Third mode; tiequency,
228 cycles per second.-
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